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ABSTRACT Classical swine fever virus (CSFV) contains a specific motif within the E2
glycoprotein that differs between strains of different virulence. In the highly virulent
CSFV strain Koslov, this motif comprises residues S763/L764 in the polyprotein. How-
ever, L763/P764 represent the predominant alleles in published CSFV genomes. In
this study, changes were introduced into the CSFV strain Koslov (here called vKos_
SL) to generate modified CSFVs with substitutions at residues 763 and/or 764 (vKos_
LL, vKos_SP, and vKos_LP). The properties of these mutant viruses, in comparison to
those of vKos_SL, were determined in pigs. Each of the viruses was virulent and in-
duced typical clinical signs of CSF, but the vKos_LP strain produced them signifi-
cantly earlier. Full-length CSFV cDNA amplicons (12.3 kb) derived from sera of in-
fected pigs were deep sequenced and cloned to reveal the individual haplotypes
that contributed to the single-nucleotide polymorphism (SNP) profiles observed in
the virus population. The SNP profiles for vKos_SL and vKos_LL displayed low-level
heterogeneity across the entire genome, whereas vKos_SP and vKos_LP displayed
limited diversity with a few high-frequency SNPs. This indicated that vKos_SL and
vKos_LL exhibited a higher level of fitness in the host and more stability at the con-
sensus level, whereas several consensus changes were observed in the vKos_SP and
vKos_LP sequences, pointing to adaptation. For each virus, only a subset of the vari-
ants present within the virus inoculums were maintained in the infected pigs. No
clear tissue-dependent quasispecies differentiation occurred within inoculated pigs;
however, clear evidence for transmission bottlenecks to contact animals was ob-
served, with subsequent loss of sequence diversity.

IMPORTANCE The surface-exposed E2 protein of classical swine fever virus is re-
quired for its interaction with host cells. A short motif within this protein varies be-
tween strains of different virulence. The importance of two particular amino acid res-
idues in determining the properties of a highly virulent strain of the virus has been
analyzed. Each of the different viruses tested proved highly virulent, but one of
them produced earlier, but not more severe, disease. By analyzing the virus ge-
nomes present within infected pigs, it was found that the viruses which replicated
within inoculated animals were only a subset of those within the virus inoculum.
Furthermore, following contact transmission, it was shown that a very restricted set
of viruses had transferred between animals. There were no significant differences in
the virus populations present in various tissues of the infected animals. These results
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indicate mechanisms of virus population change during transmission between ani-
mals.

KEYWORDS SNP analysis, next-generation sequencing, pestiviruses, viremia, virus
tropism

Classical swine fever virus (CSFV) is the causative agent of an economically important
and highly contagious disease of pigs termed classical swine fever (CSF). The virus

belongs to the genus Pestivirus, within the family Flaviviridae (1). Pestiviruses are
enveloped and contain a single-stranded, positive-sense RNA genome approximately
12.3 kb in length. This RNA contains a single, long open reading frame (ORF) encoding
a large polyprotein flanked by 5= and 3= untranslated regions (UTRs) (1) that are critical
for the autonomous replication of the genome via negative-strand RNA molecules (2,
3). The polyprotein is co- and posttranslationally processed by cellular and viral
proteases to yield 12 mature cleavage products; these comprise 4 structural (C, Erns,
E1, and E2) and 8 nonstructural (Npro, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B)
proteins (1).

Positive-strand RNA virus populations exist as quasispecies of distinct but closely
related variants (4, 5). Such virus populations can contribute to the distinct tropisms of
virus variants within the infected host (6, 7), e.g., as seen in animals persistently infected
(PI) with bovine viral diarrhea virus (BVDV), another pathogenic pestivirus (8). The high
rate of change in RNA virus populations can partly be explained by the relatively high
error rate of the RNA-dependent RNA polymerase, which lacks proofreading activity,
although additional factors, such as within-host dynamics or cell tropism, also affect the
apparent rate of change (9). A large number of CSFV strains exist and have been
classified into three genotypes, termed 1, 2, and 3, each having several subgroups
(genotypes 1.1 to 1.4, 2.1 to 2.3, and 3.1 to 3.4) (10–13). Different strains differ
considerably in their virulence and include high-, moderate-, and low-virulence variants
(14). Most genotypes show a distinct geographical distribution pattern (12), but there
is no clear correlation between genotype and virulence (15). Low-virulence strains
result in no or mild disease, whereas highly virulent strains cause acute disease,
including high fever, hemorrhages, central nervous system (CNS) disorders, and high
mortality. The highly virulent CSFV strain Koslov (genotype 1.1) induces pronounced
convulsions and seizures due to infection of the CNS; thus, it has a distinct
phenotype (and tropism) compared to strains with lower virulence that do not
affect the CNS (16, 17).

The E2 glycoprotein of pestiviruses is the major surface component of the virion; it
is essential for the virus life cycle and is the main immunogen (18). It has been
implicated, together with Erns and E1, in virus adsorption to host cells (18–21) and for
determining tropism in cell culture (19, 20). The E2 glycoprotein shows a high variability
among different CSFV strains (22). Modifications introduced into this glycoprotein have
been reported to have an important effect on CSFV virulence (23–28). Residues 753 to
765 within the E2 protein comprise an antigenic region and residue L763 together with
residues K761 and P764, are critical for reactivity with certain monoclonal antibodies
(MAbs) (29). CSFV strains encoding L763 and P764 represent the predominant alleles
within published full-length CSFV genomes in the CSF database of the European
Community Reference Laboratory (30, 31), especially in genotype 2, which contains
mostly moderately virulent strains (32). Vaccine strains, such as C strain and GPE�, both
contain L763 and P764, and no residue other than L763 is observed in vaccine strains
(30, 31). However, the highly virulent Koslov strain has S763 and L764 (and is therefore
referred to here as vKos_SL). Interestingly, P764 has been observed as a minority variant
(2%) in pigs inoculated with vKos_SL, and P764 appeared subsequently at very high
frequency (�99%) in the rescued virus population from an infected contact pig (17).

In the present study, two separate infection studies in pigs were performed using
vKos_SL (with the consensus sequence of the CSFV strain Koslov; GenBank accession
number KF977607) and rescued mutant viruses containing nonsynonymous mutations
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in the codons for residues 763 and 764 within the E2 glycoprotein. These studies were
designed to elucidate the role, if any, of these residues in the properties (including
growth and tropism) of the highly virulent strain Koslov. Each of the virus variants
caused severe disease in pigs following inoculation. The virus populations present
within the virus inoculums and within the infected pigs were analyzed by deep
sequencing across the entire genomes. Furthermore, the predominant virus haplotypes
present within the infected pigs were determined.

RESULTS
Mutant virus rescue and characterization in cell culture. The bacterial artificial

chromosome (BAC) containing the full-length cDNA corresponding to the CSFV strain
Koslov (here termed Kos_SL) (17) was modified by site-directed mutagenesis to change
the codons for residues 763 and 764 within the E2 glycoprotein, producing the
single-mutant BACs Kos_LL and Kos_SP, as well as the double-mutant BAC Kos_LP. RNA
transcripts were produced from these BACs and introduced into porcine kidney (PK15)
cells by electroporation to rescue viruses, which were passaged once prior to titer
determination. The vKos_SL, rescued from the parental BAC, and each of the rescued
mutant viruses grew to a similar level during serial passaging in PK15 cells (Fig. 1A).
Furthermore, in low-multiplicity-of-infection (MOI) growth curves in PK15 cells, the

FIG 1 Virus yields during serial passaging and growth kinetics of vKos_SL and its variants in PK15 cells.
(A) Assays for CSFV RNA, using reverse transcription-quantitative PCR (RT-qPCR), for the rescued vKos_SL,
vKos_LL, vKos_SP, and vKos_LP variants following serial passages in PK15 cells (RNA levels are indicated
as threshold cycle [CT] values). (B) Growth kinetics of CSFV strains Koslov, vKos_SL, and vKos_LL in PK15
cells measured by RT-qPCR assays (no. of viral RNA copies/ml) at 3, 12, 24, 48, and 72 h after infection.
(C) Growth kinetics of CSFV strains Koslov, vKos_SL, and vKos_LL in PK15 cells measured by titration
(TCID50/ml) of virus harvests prepared at 3, 12, 24, 48, and 72 h after infection.
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vKos_SL and vKos_LL strains showed similar growth kinetics as the wild-type (wt) strain
Koslov (Fig. 1B and C) indicating that the substitution at residue 763 had no major
effect on growth rate in vitro; vKos_SP and vKos_LP were not tested in this assay.

Infection study I in pigs. To elucidate the importance for the CSFV of residue S763
within pigs, virus challenge was performed in 2 groups of 3 pigs using intranasal
inoculation with 106 50% tissue culture infective dose (TCID50) of vKos_LL or vKos_SL,
respectively; in addition, each group included two noninoculated pigs, to assess
contact transmission of the virus. The vKos_LL and vKos_SL each induced severe
disease in the inoculated pigs and, due to pronounced clinical signs of CSF (including
high fever, anorexia, dyspnea, ataxia, and convulsions), these pigs were euthanized, at
the latest, by postinfection day 7 (PID7) (Fig. 2A). High fever (above 41°C) was observed
as early as PID3 in pigs inoculated with vKos_LL and on PID4 in pigs inoculated with
vKos_SL (Fig. 3A), coinciding with high viral RNA loads in both blood (Fig. 3B) and nasal
swabs (Fig. 3C). The contact pigs in both groups displayed similar disease progression,
but with a delayed onset of disease compared to that in the inoculated pigs (Fig. 3A,
B, and C). The necropsies revealed gross morphological changes in the form of
discoloration and/or necrosis within the tonsils of all infected pigs. Furthermore, several
pigs (in both groups) had excess peritoneal fluid, petechial bleedings in the kidney, and
hemorrhages in the spleen. Thus, the rescued viruses vKos_SL and vKos_LL are highly
pathogenic in pigs, and changing residue 763 did not significantly affect either virus
growth in the pigs or transmission to contact animals.

Infection study II in pigs. To elucidate the importance for the virus of residue L764
alone or in conjunction with residue S763, three groups of 4 pigs were challenged by
intranasal inoculation, with 106 TCID50 of vKos_SP, vKos_LP, or vKos_SL, respectively.
vKos_SP, vKos_LP, and vKos_SL each produced severe disease in the pigs and, due to
pronounced clinical signs (as above), all inoculated pigs were euthanized at the latest
by PID7 (Fig. 2B). The pigs inoculated with vKos_LP had to be euthanized 1 or 2 days
earlier than pigs inoculated with vKos_SL and vKos_SP, as they developed earlier (but
similar) symptoms of CSF (Fig. 4A), as also shown by the clinical scores (Fig. 4D). The

FIG 2 Mortality of pigs experimentally infected with rescued variants of the Koslov strain of CSFV. (A)
Mortality of pigs inoculated with vKos_LL and vKos_SL and in “in-contact” animals in infection study I.
(B) Mortality of pigs inoculated with vKos_SP, vKos_LP, and vKos_SL in infection study II. Note the
significantly earlier mortality in the pigs infected with vKos_LP (see the main text). This earlier mortality
was statistically significant (P � 0.0189) as assessed using the Mantel-Cox test.
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reduced survival time of the pigs inoculated with the vKos_LP compared to those
inoculated with vKos_SL was shown to be statistically significant (P � 0.0189) using the
Mantel-Cox test. Consistent with the earlier mortality due to vKos_LP, high fever (above
41°C) was observed as early as PID3 in pigs inoculated with vKos_LP, while pigs
inoculated with vKos_SL and vKos_SP had high fever from PID4 and PID5, respectively
(Fig. 4A). In each case, the fever coincided the appearance of clinical signs (Fig. 4D) and
with high viral RNA loads in both blood (Fig. 4B) and nasal swabs (Fig. 4C). As in
infection study I, necropsies revealed various gross pathological changes, which often
involved discoloration and/or necrotic lesions within the tonsils, excessive peritoneal
fluid, and petechial bleedings in the kidney.

Reverse transcription-quantitative PCR (RT-qPCR) assays were performed on RNA
extracted from tonsil, lymph nodes, spleen, bone marrow, cerebellum, and cerebrum
from all pigs (Fig. 4E). Viral RNA was detected in nearly all tissues of all infected pigs,
with high levels present in the tonsils, lymph nodes, spleen, and bone marrow. A lower

FIG 3 Time course of infection of pigs with vKos_LL and vKos_SL in inoculated and contact pigs. Pigs
were inoculated with the indicated viruses on day 0, and contact pigs were kept with them throughout
the experiment. (A) Body temperatures of pigs during the course of infection. (B) Levels of CSFV RNA in
the blood of pigs as measured by RT-qPCR assays. Data are presented as CT values. (C) Levels of CSFV RNA
in nasal swabs from pigs as measured by RT-qPCR assays. Data are presented as CT values.
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FIG 4 Time course of infection of pigs with vKos_SP, vKos_LP, and vKos_SL. (A) Body temperatures of inoculated pigs. (B) Levels of CSFV RNA in the
blood of pigs as measured by RT-qPCR assays; data are presented as CT values. (C) Levels of CSFV RNA in nasal swabs of pigs as measured by RT-qPCR
assays; data are presented as CT values. (D) Clinical scores for pigs were assessed on a daily basis and scored as previously described (16). (E) Levels
of CSFV RNA in tissues of pigs as measured by RT-qPCR assays; data are presented as CT values.
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level of viral RNA was detected in the cerebellum and cerebrum of most infected pigs
compared to that in other tissues. This distribution is typical for highly virulent CSFVs
that, in the acute form of the disease, produce a rapid-onset viremia with high viral
loads in primary and secondary lymphatic tissues followed by infection of the CNS.

It is concluded that modifying residue 764 in conjunction with residue 763 can
modify the properties of the virus in pigs. The vKos_LP variant produced symptoms
more quickly, and the infected animals required earlier euthanasia.

Single-nucleotide polymorphism analyses (infection study I). In order to eluci-
date the quasispecies composition of the virus in infected pigs, deep sequencing was
performed on full-length cDNA amplicons derived from the vKos_LL and vKos_SL
inocula used for infection of pigs, as well as from serum (collected on the day of
euthanasia) of the inoculated and contact-infected pigs from each group (Fig. 5). In
comparison to the consensus vKos_SL sequence, the vKos_LL inoculum had �99%
presence of the L763 variant, as expected. In addition, this inoculum displayed seven
other single-nucleotide polymorphisms (SNPs) at a frequency above 5% (but below
20%) in the coding region of the genome (Fig. 5A); these SNPs were detected at a
frequency of �1%, or not at all, in the inoculated pigs, as well as in the contact pigs (Fig.
5B to F). The vKos_LL from serum samples displayed low-level sequence variation (up
to 6% frequency) scattered across the genome as synonymous and nonsynonymous
mutations in the inoculated pigs (Fig. 5B to D). The vKos_LL motif was maintained at
�99% frequency in the virus within serum of infected pigs. The contact pigs both
became infected with virus that contained a nonsynonymous amino acid substitution,
T3004A (at �99% frequency), located in the NS5A coding region (Fig. 5E and F). This
result appears indicative of a transmission bottleneck, as the substitution had been
present at only low levels in the inoculated pigs (approximately 1%, 0.5%, and 4% in
pigs 1, 2, and 3, respectively) and in the inoculum (�0.4%); it does not occur in
sequences of any published CSFV strains (retrieved from GenBank [33]). This apparent
bottleneck resulted in fewer SNPs scattered across the genome, and these occurred at
rather lower frequencies (�2.5%) in the contact pigs compared to the inoculated pigs,
except for SNP A2460G (amino acid D696G) which was unique for contact pig 5 (and
occurred at around 4% frequency) and a unique SNP, G3884A (amino acid V1171I), in
contact pig 4 (which was present at a level of around 3%).

The vKos_SL inoculum for infection study I had a collection of fairly high-frequency
SNPs (frequencies of up to 40%) scattered across the genome (Fig. 5G); strikingly, these
were all present at a �5% frequency in the inoculated pigs (Fig. 5H to J) and thus
seemed to be selected against in vivo. The virus in contact pig 9 contained one
synonymous mutation (C11509T [amino acid S3712]; 56% frequency) at the consensus
level (Fig. 5K). Additionally, 4 SNPs with frequencies between 8 and 9%, 1 SNP at 17%,
and another 4 SNPs with frequencies between 27 and 34% were observed in this serum
sample. Contact pig 10 contained a virus population with 6 SNPs occurring at frequen-
cies of 7 to 13% (Fig. 5L), of which 4 are in the coding region. They occurred at �1%,
or undetectably, in the other pigs. Interestingly, the L764P substitution was observed
at 1 to 2% frequency in all vKos_SL-inoculated pigs and in contact pig 10 (as observed
previously [17]). This substitution was also observed in the inoculum at a �1%
frequency.

It is apparent that within infected pigs a less diverse population of viruses is present
than can be observed in cell culture. During contact transmission from an infected
animal to an uninfected pig, a clear “bottleneck” can result in the fixation of a
previously minor variant in the population within the recipient.

SNP analysis (infection study II). Deep sequencing was performed on the follow-
ing full-length cDNA amplicons derived from the virus inoculums for study II (Fig. 6):
vKos_SP, vKos_LP, and vKos_SL (note that the vKos_SL inoculum used in this experi-
ment was derived from an independent rescue of the virus from RNA transcripts
compared to that used in infection study I). The vKos_SL products displayed low-level
variation (Fig. 6I), whereas vKos_SP and vKos_LP had multiple SNPs that included
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FIG 5 Single-nucleotide polymorphism (SNP) frequency plots across the entire genome of CSFV derived from inoculums and serum samples from
infection study I. (A) vKos_LL inoculum. (B) vKos_LL pig 1 serum. (C) vKos_LL pig 2 serum. (D) vKos_LL pig 3 serum. (E) vKos_LL contact pig 4 serum.

(Continued on next page)
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several with high frequencies (50 to 70%) in addition to the introduced changes
encoding residues 763/764 (see Fig. 6A and E, respectively). As in infection study I,
full-length cDNA amplicons were also derived from serum samples from three pigs in
each group (vKos_SP pigs 1, 2, and 3; vKos_LP pigs 5, 7, and 8; and vKos_SL pigs 9, 11,
and 12) and were then analyzed in the same way (see Fig. 6).

The vKos_SP in the inoculum and in serum of the infected pigs had multiple SNPs,
in addition to the L764P change, scattered across the genome, with 5 SNPs being
present at frequencies of �70%; these were (A2961G [amino acid N863S], T3735C
[amino acid V1121A], T5756C [amino acid L1795], T6832C [amino acid S2153], and
A8732G [amino acid N2787D]), which seemed to be associated with the L764P substi-
tution (Fig. 6B to D). These SNPs were also present in the vKos_SP inoculum at above
50% frequency (Fig. 6A), together with a number of low-level SNPs that were not
maintained in the pigs (Fig. 6B to D).

Similarly, vKos_LP, in addition to the S763L and L764P changes, also had low-
frequency SNPs scattered across the entire genome in the serum of the inoculated pigs
(Fig. 6F to H), and 4 SNPs were present at �80% frequency (G2078A [amino acid
A569T], A2380G [amino acid V669], G3499A [amino acid G1042], and A5833G [amino
acid G1820]). These changes appeared to be directly associated with the S763L and
L764P (LP motif), since G2078A (amino acid A569T) and A2380G (amino acid V669) were
linked in the sequencing reads. These SNPs were also present in the inoculum at �69%
frequency and are frequent in published CSFV coding sequences (CDS).

As in infection study I, it is apparent that a less diverse population of viruses is
present in the infected pigs than was observed in cell culture. Some SNPs can be
maintained at high levels (�50%) but without reaching fixation. Particular clusters of
major SNPs were present in association with the different substitutions at residue 764.

Quasispecies composition in different tissues of infected pigs. To elucidate the
quasispecies composition in different tissues, one pig from each group (vKos_SP pig 1,
vKos_LP pig 8, and vKos_SL pig 12) was selected for in-depth characterization of SNPs
in the viral RNA extracted from tonsils, lymph node, spleen, bone marrow, cerebellum,
and cerebrum. In pig 12, no SNPs were present in the vKos_SL at a frequency greater
than 10% in any of the different tissues; only 3 fairly low-frequency SNPS (about 5%
frequency) were detected (data not shown) as in the serum (Fig. 6J to L).

In contrast, the vKos_LP in tissues of pig 8 (Fig. 7) had 4 high-frequency SNPs (about
80% frequency; one modified the codon for A569 [to make T569] and three were
synonymous changes in the codons for residues V669, G1042, and G1820), in addition
to the LP motif. Furthermore, there were a variety of additional SNPs at a frequency of
about 5% in all tissues. The SNP A7896T (amino acid Y2508F) in vKos_LP occurred at
approximately 11% frequency in the inoculum (Fig. 6E) but was not detectable in most
tissues of the inoculated pigs (Fig. 7). Overall, it was apparent that, for each virus, the
predominant virus populations in the different tissues were very similar and closely
matched the population profile detected in serum (see Fig. 7 and 8); only the minor
variants differed between the tissues. However, there were clear differences in the
spectrum of SNPs present within the three different virus populations.

Surprisingly, the virus (vKos_SP) population in the tonsil of pig 1 contained stop
codons in place of the codons encoding residues K179 and K180 (Fig. 8A), at frequen-
cies of approximately 11 and 13%, respectively. The stop codon replacements for the
codons for K179 and K180 (designated K179* and K180*, respectively) were only
detected in the cerebellum and cerebrum at a frequency of approximately 1% each
(Fig. 8E and F). The K179* and K180* variants were not detected in the vKos_SP
inoculum (Fig. 6A). However, several other SNPs occurred at a level of approximately 20

FIG 5 Legend (Continued)
(F) vKos_LL contact pig 5 serum. (G) vKos_SL inoculum. (H) vKos_SL pig 6 serum. (I) vKos_SL pig 7 serum. (J) vKos_SL pig 8 serum. (K) vKos_SL contact
pig 9 serum. (L) vKos_SL contact pig 10 serum. Note that the reference sequence in each case was the consensus bacterial artificial chromosome (BAC)
clone Kos_SL sequence. Synonymous changes are indicated in green, nonsynonymous changes in red, and changes in the untranslated regions (UTRs)
in blue. Dotted line indicates 5% frequency.

Virus Populations in CSFV Koslov-Infected Pigs Journal of Virology

October 2020 Volume 94 Issue 19 e01119-20 jvi.asm.org 9

https://jvi.asm.org


FIG 6 SNP frequency plots across the entire genome of CSFV derived from inoculums and serum samples from infection study II. (A) vKos_SP
inoculum. (B) vKos_SP pig 1 serum. (C) vKos_SP pig 2 serum. (D) vKos_SP pig 3 serum. (E) vKos_LP inoculum. (F) vKos_LP pig 5 serum. (G) vKos_LP
pig 7 serum. (H) vKos_LP pig 8 serum. (I) vKos_SL inoculum. (J) vKos_SL pig 9 serum. (K) vKos_SL pig 11 serum. (L) vKos_SL pig 12 serum. Note
that the reference sequence in each case is the consensus BAC clone Kos_SL sequence. Synonymous changes are indicated in green,
nonsynonymous changes in red, and changes in the UTRs in blue. Dotted line indicates 5% frequency.

Johnston et al. Journal of Virology

October 2020 Volume 94 Issue 19 e01119-20 jvi.asm.org 10

https://jvi.asm.org


to 25% in the vKos_SP inoculum but were only present at approximately 1% or less in
all the pig tissues tested (Fig. 8), consistent with the pattern seen in serum of each
inoculated pig (Fig. 6B, C, and D) and thus appeared to be selected against in vivo.

In samples from infection study II, vKos_SL had many low-level SNPs (all at �10%
frequency) scattered across the entire genome in the inoculated pigs (Fig. 6J to L), with
only 3 SNPs at a frequency above 5% (A9396G [amino acid K3000R], C12003A [amino
acid P3877Q], and C12078A). The frequencies of these variants in the inoculum were
approximately 3%, 4%, and undetectable, respectively (Fig. 6I). The virus population
distribution within pig 12 was similar to that within pigs 9 and 11 (Fig. 6J to L),
indicating that pig 12 was representative for the group. The absence of high-frequency
SNPs detected in serum of each pig infected with the vKos_SL variant (Fig. 6J to L) and
in tissues of pig 12 (data not shown) indicates that vKos_SL had a higher level of fitness
in the hosts (i.e., it was well adapted to the host and hence able to replicate efficiently)
compared to the other variants. Interestingly, the S763L substitution was present at a
1% frequency in the serum of inoculated pig 11. Furthermore, the L764P substitution
was observed at a 0.4% frequency in the serum, tonsils, bone marrow, and lymph nodes
of pig 12 and in the inoculum.

Virus haplotyping. To gain further insight into the haplotypes which constitute the
viral populations, unique full-length cDNA clones were generated from viral RNA
present in the sera of vKos_SP pig 1 and vKos_LP pig 7. Sequencing of the individual
vKos_SP-derived cDNA clones revealed the haplotypes present in the virus population
and, when considered together, reflected the profile of the SNPs described above for

FIG 7 SNP frequency plots of tissue samples from vKos_LP-inoculated pig 8 (infection study II). (A) vKos_LP tonsil. (B) vKos_LP bone marrow. (C) vKos_LP lymph
node. (D) vKos_LP spleen. (E) vKos_LP cerebellum. (F) vKos_LP cerebrum. Note that the reference sequence in each case is the consensus BAC clone Kos_SL
sequence. Synonymous changes are indicated in green, nonsynonymous changes in red, and changes in the UTRs in blue. Dotted line indicates 5% frequency.
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the overall population. Out of the 10 cDNA clones examined, 6 contained the SNPs
A2961G (amino acid N863S), T3735C (amino acid V1121A), T5756C (amino acid L1795),
T6832C (amino acid S2153), and A8732G (amino acid N2787D), all together (Table 1).
One other clone (Kos_SP1.2) contained these same SNPs with the exception of A8732G
(Table 1). This shows that these SNPs are linked, as the majority of these individual SNPs
were not observed in isolation in the cDNA clones. Thus, variants with these multiple
SNPs represent the major haplotypes of the viral population. This is consistent with the
SNP analysis of the uncloned fragments, which showed that all of these SNPs are
present at a �75% frequency in the serum of pig 1 infected with vKos_SP (Table 1).
Each of the full-length vKos_SP cDNA clone sequences was unique, with 3 to 12
mutations besides those seen in the major haplotypes of the vKos_SP viral population
(data not shown). A total of 52 unique mutations were observed in the CDS of the 10
clones, with one causing a frameshift in the Erns encoding region. A phylogenetic tree
for the vKos_SP cDNA clone sequences showed the population structure. The unrooted
tree (see Fig. 9A) was mostly star-like, with a majority of cDNA sequences branching out
from two nodes representing the vKos_SP inoculum/pig 1 serum sequences (haplotype
I) and the BAC Kos_SP clone sequence (haplotype II), respectively. The majority of the
cDNA clones were unique, forming two apparent clades representing the two major
haplotypes (I and II) present in the population. The proportion of cDNA clones repre-
senting haplotype I (70%) was consistent with the frequency of the major SNPs
observed in the SNP analysis (75 to 80%).

FIG 8 SNP frequency plots of tissue samples from vKos_SP-inoculated pig 1 (infection study II). (A) vKos_SP tonsil. (B) vKos_SP bone marrow. (C) vKos_SP lymph
node. (D) vKos_SP spleen. (E) vKos_SP cerebellum. (F) vKos_SP cerebrum. Note the reference sequence in each case is the consensus BAC clone Kos_SL
sequence. Synonymous changes are indicated in green, nonsynonymous changes in red, stop codons gained in black, and changes in the UTRs in blue. Dotted
line indicates 5% frequency.
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The 5 full-length cDNA clones obtained for vKos_LP reflected the major haplotype
observed in the virus population, as they each contained the SNPs G2078A (amino acid
A569T), A2380G (amino acid V669), G3499A (amino acid G1042), and A5833G (amino
acid G1820) (Table 2). This, together with the linked reads, shows that there is a specific
linkage between these SNPs, presumably indicating adaptation to accommodate the
presence of the LP motif. This correlates with the SNP analysis where variants with these
SNPs were present at �89% frequency in the serum of pig 7 infected with vKos_LP.
Four out of the five vKos_LP cDNA clones were unique, with 2 to 6 mutations besides
those seen in the major haplotypes of the vKos_LP viral population (data not shown).
A total of 17 unique mutations were observed in these 5 clones. The unrooted
phylogenetic tree for the vKos_LP cDNA clone sequences (Fig. 9B) was also star-like,
with the cDNA sequences branching out from a single node representing the vKos_LP
inoculum and pig 7 serum sequences (haplotype I). None of the serum-derived clones
matched the BAC Kos_LP clone sequence (haplotype II). The majority of the cDNA
clones formed no apparent clades and had a low degree of order, consistent with the
high frequency of haplotype I (89 to 90%) present in the viral population and the small
number of clones obtained to represent the population.

These studies clearly show the value of preparing and sequencing long cDNA clones
to identify the distribution of specific SNPs among particular haplotypes within the
virus population.

DISCUSSION

Each of the variants of the highly virulent Koslov strain of CSFV was successfully
rescued from BAC clones. The vKos_LL variant of the highly virulent Koslov strain of
CSFV displayed similar growth kinetics in PK15 cells to those of the rescued consensus
sequence virus (vKos_SL) and the wt (uncloned) Koslov virus (with S763), strongly
indicating that the S763L substitution had no influence on virus growth in vitro (Fig. 1B).
Detailed analyses of the growth kinetics of vKos_SP and vKos_LP were not performed;
however, they grew to similar levels as vKos_SL during serial passaging in PK15 cells
(Fig. 1A). Thus, these substitutions at residues 763 and 764 apparently have no major
effect on growth rate in vitro.

All pigs experimentally infected with vKos_SL and the different variants with sub-
stitutions at residues 763 and/or 764 displayed similar clinical signs of disease. However,
the vKos_LP variant induced significantly earlier (albeit no more severe) clinical signs of
disease as judged by nearly all parameters. The importance of residues 763 and 764 in
modulation of the speed of virus transmission to other animals warrants further study.

Deep sequencing analysis of the viruses present within infected pigs revealed that

TABLE 1 Identification of virus (vKos_SP) haplotypes present in serum

cDNA clone

Nucleotide change (amino acid change)d

HaplotypeT2664Ca (L764P) A2961G (N863S) T3735C (V1121A) T5756C (L1795) T6832C (S2153) A8732G (N2787D)

Kos_SPb � � � � � � II
Kos_SP 11.1c � � � � � � II
Kos_SP 12.1c � � � � � � I
Kos_SP 15.1c � � � � � � II
Kos_SP 17.1c � � � � � � I
Kos_SP 1.2c � � � � � � I
Kos_SP 10.2c � � � � � � I
Kos_SP 12.2c � � � � � � I
Kos_SP 18.2c � � � � � � I
Kos_SP 22.2c � � � � � � II
Kos_SP 24.2c � � � � � � I
vKos_SP inoculum � (�99%) � (54%) � (52%) � (54%) � (54%) � (54%)
vKos_SP pig 1 serum � (�99%) � (80%) � (78%) � (77%) � (75%) � (81%)
aMutation introduced by site-directed mutagenesis.
bBAC clone.
cIndividual serum-derived cDNA clone.
dA minus sign (�) indicates that the variant was not detected in the cDNA and a plus sign (�) indicates that the variant was detected.
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vKos_SL and vKos_LL had high diversity (albeit at a low level) spread across the entire
ORF in inoculated pigs with no signs of virus adaptation. However, two contact pigs
that became infected with vKos_LL had virus that contained a nonsynonymous muta-
tion (resulting in substitution T3004A) at �99% frequency. This SNP likely rose to
fixation in the virus population due to a bottleneck effect, as it was only present at a
low frequency in the inoculated pigs. Furthermore, there was a difference in the virus
population distribution between the inoculated pigs and the contact pigs for vKos_LL

FIG 9 Phylogenetic reconstruction of CSFV populations inferred from full-length cDNA clones by tree reconstruction using
MrBayes (47). (A) Phylogenetic structure of the virus populations that were present in the vKos_SP-infected pig 1 serum
inferred from the full-length cDNA clones, with distinct haplotypes I and II shown as colored clades (red and blue, respectively).
Posterior probabilities of the branches between the nodes of �95% are shown. (B) Phylogenetic structure of the virus
populations that were present in the vKos_LP-infected pig 7 serum inferred from the full-length cDNA clones, with the distinct
haplotype I shown in red and the parental Kos_LP mutant sequence in blue. Posterior probabilities of the branches between
the nodes of �95% are shown.

TABLE 2 Identification of virus (vKos_LP) haplotypes present in serum

cDNA clone

Nucleotide change (amino acid change)d

HaplotypeG2078A (A569T) A2380G (V669) C2661Ta (S763L) T2664Ca (L764P) G3499A (G1042) A5833G (G1820)

Kos_LPb � � � � � � II
Kos_LP 12.1c � � � � � � I
Kos_LP 1.2c � � � � � � I
Kos_LP 5.2c � � � � � � I
Kos_LP 6.2c � � � � � � I
Kos_LP 8.2c � � � � � � I
vKos_LP inoculum � (71%) � (69%) � (�99%) � (�99%) � (69%) � (69%)
vKos_LP pig 7 serum � (90%) � (90%) � (�99%) � (�99%) � (89%) � (89%)
aMutation introduced by site-directed mutagenesis.
bBAC clone.
cIndividual serum-derived cDNA clone.
dA minus sign (�) indicates that the variant was not detected in the cDNA and a plus sign (�) indicates that the variant was detected.
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(see Fig. 5B to F) with a loss of diversity and adaptation in the NS protein coding
regions. This is probably again due to the transmission to the contact pigs being a
bottleneck, resulting in a founder effect with a reduced amount of genetic heteroge-
neity in the viral population.

Both the vKos_SP and vKos_LP variants displayed lower diversity across the entire
ORF compared to that in the vKos_SL-inoculated pigs (Fig. 6). However, in contrast to
the results with vKos_SL, the vKos_SP inoculum contained several nonsynonymous and
synonymous changes at the consensus level (i.e., �50%). Three changes were nonsyn-
onymous (resulting in substitutions N863S, V1121A, and N2787D) and located in the
coding regions for E2, p7, and NS5A, respectively. Residues V1121 and N2787 are highly
conserved in the genomes of CSFVs (�99% and 98%, respectively), while N863 is
observed at 35% frequency (30, 31). These SNPs existed at a frequency of 52 to 54% in
the inoculum and at a higher frequency (�70%) in the viruses collected from infected
pigs. Interestingly, the S763/P764 variant, in conjunction with residue E761, is not
observed in the CSF database (30, 31), and it seems to be a somewhat artificial
combination, as only R761 is observed together with S763 and P764. This might explain
the collection of mutations that were also found in this virus. Variants with low or
neutral advantage can be maintained at a higher than expected frequency due to being
linked to a high-fitness variant that is well represented in the virus population (4). The
synonymous mutations in the vKos_SP variant may have a possible effect on the sec-
ondary RNA structure (34) or may just be neutral passengers carried along with the
nonsynonymous mutations.

The rescued vKos_LP acquired 4 additional mutations at the consensus level, one of
which was a nonsynonymous mutation G2078A (amino acid A569T), which appeared to
be linked to A2380G (amino acid V669). Both the A569 and T569 variants are frequently
observed (36% and 62%, respectively) in published CSFV strains. Residue 569 is located
in E1, within a putative fusion peptide-like motif (residues 551 to 579) consisting of
hydrophobic residues (35). A similar stretch of hydrophobic residues is found in the E1
protein of hepatitis C virus, another member of the Flaviviridae, and this is believed to
play a role in membrane fusion (36, 37). A shift from a small hydrophobic residue to an
uncharged residue with a hydroxyl group could have an impact on this motif and its
potential role in fusion. The increase in frequency of these four SNPs in the infected
animals indicates that they are either advantageous for the virus or are coupled to an
advantageous variant. Interestingly, stop codons were observed in the virus population
present in the tonsils in vKos_LP-infected pigs at a �10% frequency, indicating that
some sort of complementation must take place at the quasispecies level to maintain
such a high frequency of deleterious mutations. Members of the quasispecies should
not be considered independently acting variants, as the internal interactions of the
variants determine the overall behavior of the quasispecies population (5).

Only low-level SNPs (�7% SNP frequency) were found to be scattered across the
genome of vKos_SL in the infected pigs in study II, consistent with the results from the
infection study I, albeit using a different virus inoculum. Together, these data strongly
indicate that vKos_SL is highly stable at the quasispecies level in pigs, displaying a high
level of fitness, as is vKos_LL, which also seems to be a common variant of wt Koslov,
as seen in a separate study (38). In that study, the S763L substitution was observed
together with 9 silent SNPs present at an approximately 40% frequency in the inoculum
derived from blood of pigs infected with the wt Koslov (CSFV/1.1/dp/CSF0382/XXXX/
Koslov), and the substitution S763L was also present at frequencies of 59% and 19% in
the tonsils and serum, respectively. Furthermore, several E2 sequences of wt Koslov in
the CSF database also contain this version (LL) of the motif.

CSFV isolates can be expected to consist of a much more diverse quasispecies than
the viruses rescued from unique cDNA clones, as used in the current study, as reported
previously (39). Many of the SNPs detected in the inocula and different tissues of
inoculated pigs were also present in the viral RNA extracted from the respective sera.
This is expected since the virus in serum is likely a collection of all the viruses present
in the different tissues. The virus spreads through the peripheral blood from its primary

Virus Populations in CSFV Koslov-Infected Pigs Journal of Virology

October 2020 Volume 94 Issue 19 e01119-20 jvi.asm.org 15

https://jvi.asm.org


site of replication in the tonsils to the regional lymph nodes, then to the bone marrow,
visceral lymph nodes, and lymphoid structures associated with the small intestine and
spleen (40).

Interestingly, S763L was detected (at a low level) in the serum of pig 11 inoculated
with vKos_SL, and this change has previously been suggested, together with P968H, to
contribute to the difference in virulence between rescued viruses vKos_SL and the
attenuated vKos_3aa (17). In addition, the L764P substitution was observed at a low
frequency (�2%) in the serum of most pigs infected with vKos_SL from infection study
I and also at a lower frequency (�0.4%) in several tissues of pig 12 infected with
vKos_SL from infection study II. In our previous study with vKos_SL, L764P was detected
at a 2% frequency in inoculated pigs and fixed in one contact pig. Several studies
indicate that residue 764 is under positive selection (41, 42). This appears to be
consistent with the greater speed of infection observed for the vKos_LP variant in pigs
(Fig. 2B and Fig. 4A to D).

The SNP analyses indicated that the virus variants studied here are each able to
enter, replicate, and spread within different tissues, and that the quasispecies compo-
sition remains nearly the same across all tissues, with some compartmentalization
observed only in the tonsils. A similar tendency was observed for wt Koslov in a
previous study, where one specific virus variant was present at a much higher level in
the tonsils of naive pigs compared to those of vaccinated pigs (38). The lack of distinct
differences in SNP profiling across the tissues is in contrast to that of BVDV in PI animals,
in which the viral population exhibits tissue specific compartmentalization (8). How-
ever, in the PI host, the virus replicates in the absence of selective pressure from the
adaptive immune system (43), and given the nature of PI animals, the virus has had
more time to establish itself and evolve. This is consistent with observations from PI
animals with Hobi-like atypical bovine pestivirus that display an increase in variability
of the viral quasispecies over time (44). As all of the vKos variants tested here are highly
virulent, with infected pigs being euthanized no later than PID7, the virus populations
do not have much time to evolve separately in the different tissues, and the results seen
in this study could also be influenced by the presence of blood in each tissue. The
blood should contain the same pool of viruses seen in serum as discussed above. In a
previous study, the virus population in pigs chronically infected with CSFV appeared to
be stable at the quasispecies level (39); however, these results were based purely on
blood and leukocyte samples.

To gain deeper insight into the haplotypes that make up the virus population,
full-length cDNA clones were generated and sequenced. The spectrum of sequences
from these individual cDNA clones derived from the sera of pigs infected with vKos_SP
and vKos_LP described the major haplotypes present in the viral population and, when
considered together, matched the virus population structure. Both phylogenetic re-
constructions displayed low degrees of order, most likely due to the use of clone-
derived virus inocula for the infection experiments. This result is in agreement with
those of our earlier studies, in which a low degree of order was seen in the phylogenetic
reconstruction of cDNA clones from vKos_SL-infected serum (45), whereas, in contrast,
a high degree of order was seen with cDNA clones obtained from a field isolate of the
moderately virulent CSFV strain Roesrath (46).

In summary, we have analyzed the characteristics within infected pigs of CSFVs that
express mutant E2 proteins and determined the virus population dynamics during the
infection. The variants exhibited similar disease progression, but with significantly
earlier signs of CSFV infection observed for the vKos_LP variant. A clear bottleneck
effect in the transmission of viruses to contact pigs was observed. This resulted in loss
of virus diversity and fixation of mutations in the populations that were present in the
infected pigs. No apparent compartmentalization of different virus populations was
observed across infected tissues in inoculated pigs. The production and sequencing of
individual full-length cDNA clones derived from infected serum revealed the major
haplotypes present in the viral populations and, when considered together, reflected
the profile of SNPs detected in the whole population. These studies indicate the nature
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of virus population change during infection within individual animals and resulting
from virus transmission between animals.

MATERIALS AND METHODS
Primers. Oligonucleotide primers used are listed in Table 3.
Cells. Porcine kidney (PK15) cells (obtained from the Cell Culture Collection at the Friedrich-Loeffler-

Institut, Germany) were propagated in Dulbecco’s modified Eagle’s medium (DMEM) containing 5% fetal
calf serum (FCS).

Generation of BACs containing nonsynonymous mutations. The BACs Kos_LL (C2661T;S763L),
Kos_SP (T2664C;L764P), and Kos_LP (C2661T;S763P/T2664C;L764P) were produced by site-directed
mutagenesis using a megaprimer approach (47). Briefly, the BAC clone Kos (GenBank accession number
KF977607; a full-length cDNA clone of the CSFV strain Koslov [CSFV/1.1/dp/CSF0382/XXXX/Koslov;
GenBank accession number HM237795.1 (48)], here called Kos_SL) (17), was used as the template for the
megaprimer PCRs with forward primers Kos-ELL-F, CSFV-Kos-ESP-F, and CSFV-Kos-ELP-F and reverse
primer Kos-2720R (see Table 3). The megaprimers (105 bp), after gel purification with a GeneJet Gel
extraction kit (Thermo Scientific), were used for the site-directed mutagenesis with Kos_SL as the
template, and the products were transformed into Escherichia coli DH10B (Invitrogen, Carlsbad, CA). BAC
DNAs were purified from 4-ml overnight cultures using the Zymo BAC DNA miniprep kit (Zymo Research).
Full-length amplicons were obtained by long PCR, as previously described (17, 49), using the BAC DNAs
as the template and primers CSF-Kos_Not1-T7-1-59 and CSF-Kos_12313aR (Table 3). PCR products were
purified using a GeneJet PCR purification kit (Thermo Scientific) and in vitro transcribed using the
MEGAscript T7 kit (Invitrogen).

Rescue of viruses. Viruses were rescued from RNA transcripts following electroporation of PK15 cells,
as described previously (50), and passaged once in PK15 cells. Titrations were performed in triplicate,
using polyclonal porcine antiserum for staining of infected cells.

Infection study I. In total, 10 crossbred pigs (14 weeks of age) obtained from a high health status
swine herd (51) were used for the infection study. For both viruses, three pigs were inoculated with
vKos_SL or vKos_LL via the intranasal route with a defined virus dose (106 TCID50), and two in-contact
pigs in each group were mock inoculated with cell culture medium. Rectal body temperature and clinical
signs were monitored on a daily basis and scored as previously described (16). At predefined days (PID0,
1, 2, 3, 4, 5, 7, 10, and 14), EDTA-blood and serum samples were collected for virological examination.
Furthermore, nasal swabs were obtained on the same sampling days, and the viral RNA from these and
from EDTA-blood was purified using a MagNA Pure LC total nucleic acid isolation kit (Roche). RT-qPCR
was used to determine the level of viral RNA as described previously (52). At the end of the experiment,
or before for animal welfare reasons if the preset humane endpoint (HEP) criteria were reached, pigs were
euthanized with intravascular injection of pentobarbital. All pigs were subjected to necropsy and gross
pathological examination after euthanasia.

Infection study II. In total, 12 weaner pigs (6 weeks of age) obtained from a conventional Danish
swine herd with specific pathogen-free status were used for the infection study. In each group, four pigs
were inoculated with vKos_SL, vKos_SP, or vKos_LP, respectively, via the intranasal route with a defined
virus dose (106 TCID50). Rectal body temperature and clinical signs were monitored on a daily basis and
scored as previously described (16). At predefined days (PID0, 2, 3, 4, 7 and 10), EDTA-blood and serum
samples were collected for virological examination as above. Nasal swabs were obtained on the same
days, and tissue samples from tonsils, lymph nodes, spleen, bone marrow, cerebellum, and cerebrum
were collected during postmortem examination after euthanasia (as above). RNA from collected samples
was extracted, and the level of viral RNA was determined using RT-qPCR as described previously (52). Pigs
4, 6, and 10 (one from each group) were not included in the sequencing data set, as they were
euthanized together with the second-to-last pig in their group for animal welfare reasons and not due
to HEP criteria.

The survival curves of the pigs were analyzed using the Mantel-Cox test within GraphPad Prism v7.0
software (La Jolla, CA).

TABLE 3 List of oligonucleotide primers used in this study

Primer Sequence (5=¡3=) Reference or source

CSF-cDNA-1 GGG CCG TTA GGA AAT TAC CTT AG 45
CSF-Kos_NotI-T7-1-59 TCT ATA TGC GGC CGC TAA TAC GAC TCA CTA TAG TAT ACG AGG TTA GTT CAT TCT CGT

ATG CAT GAT TGG ACA AAT CAA AAT TTC AAT TTG G
48

CSF-Kos_1-59 GTA TAC GAG GTT AGT TCA TTC TCG TAT GCA TGA TTG GAC AAA TCA AAA TTT CAA TTT GG Modified from reference 48
CSF-Kos_12313aR GGG CCG TTA GGA AAT TAC CTT AGT CCA ACT GT 48
CSF-Kos-6240-RT TCT ATA GGG TGT TTC TGC CC 38
CSF-Kos-6176-R CTG GTG TTG CGG TCA TGG CTA CTA C 38
CSF-Kos-5981-F GGG GAG ATG AAA GAA GGG GAC ATG 38
CSFV-Kos-ELL-F GGC ATC ACT GCA TAA GGA GGC TTT ACT CAC TTC CGT GAC This study
CSFV-Kos-ESP-F GGC ATC ACT GCA TAA GGA GGC TTC ACC CAC TTC CGT GAC This study
CSFV-Kos-ELP-F GGC ATC ACT GCA TAA GGA GGC TTT ACC CAC TTC CGT GAC This study
Kos-2720R CCG AAC CCG AAG TCA TCT CCC AT This study
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For both infection studies I and II, all experimental procedures, euthanasia, animal care, and
maintenance were conducted in accordance with Danish and European Union (EU) legislation (Consol-
idation Act 474 15/05/2014 and EU Directive 2010/63/EU) and with approval from the Danish Animal
Experimentation Inspectorate (license number 2012-15-2934-00182).

Preparation of cDNA from viral RNA. RNA was extracted using a combined TRIzol/RNeasy protocol
(53) from tonsils, bone marrow, serum, lymph nodes, spleen, cerebellum, and cerebrum of pigs on the
day of euthanasia. This extracted RNA was used to generate full-length or two overlapping half-length
cDNA amplicons, using a modified version of the long RT-PCR method described previously (17, 49).
Briefly, the total RNA was reverse transcribed using Maxima H Minus reverse transcriptase (Thermo
Scientific) and the specific cDNA primers CSF-cDNA-1 and CSF-Kos-6240-RT (Table 3). The cDNA was then
amplified by long PCR using AccuPrime high-fidelity DNA polymerase (Thermo Scientific) with primers
CSF-Kos_NotI-T7-1-59 and CSF-Kos_12313aR for full-length amplicons, CSF-Kos_NotI-T7-1-59 and CSF-
Kos-6176R for the 5= end, and CSF-Kos-5981-F and CSF-Kos_12313aR for the 3= end of the half-length
cDNA amplicons.

Cloning using the pCR XL-2-TOPO vector. Full-length cDNA amplicons, representing vKos_SP and
vKos_LP, were obtained from extracted RNA from the serum of infected animals (vKos_SP pig 1 and
vKos_LP pig 7). Briefly, cDNA was generated as above, and full-length viral cDNA was produced by long
PCR, using the Q5 high-fidelity DNA polymerase kit (New England BioLabs) and primers CSF-Kos_1-59
and CSF-Kos_12313aR. The products were gel purified with a GeneJet gel extraction kit (Thermo
Scientific) and quantified using a Qubit fluorometric quantitation system (Thermo Scientific). They were
inserted into the pCR-XL-2-TOPO vector using the TOPO XL-2 kit (Thermo Scientific) as previously
described (45) and transformed into E. coli. Plasmid DNA was prepared from individual colonies and
sequenced as described below.

Sequencing. Full-length and half-length amplified cDNA amplicons and cDNA clones were se-
quenced at the DTU Multi-Assay Core (DMAC, Kongens Lyngby, Denmark) using Nextera XT DNA library
preparation and the MiSeq system (Illumina, San Diego, CA). Consensus sequences were obtained by
mapping the reads to the vKos_SL reference sequence (GenBank accession number KF977607.1) using
CLC Genomics Workbench v.9.5.2 (CLC bio, Aarhus, Denmark). Consensus sequences were aligned using
MAFFT in Geneious (Biomatters, Auckland, New Zealand). Low-frequency SNPs (�0.1%) were identified
for cDNA amplicons using a combination of BWA, SAMtools, Lo-Freq-snp-caller (default minimum
coverage of 10), and SnpEff, as described previously (17, 46). Phylogeny was constructed using MrBayes
v3.2.1 (54, 55) on full-length cDNA sequence alignments (general time-reversible [GTR] model, number
of substitution types [nst] � 6). The Markov chain Monte Carlo algorithm was run for 10,000,000
iterations, with a sampling frequency of 7,000, using two independent runs with three chains each, in
order to check for convergence. Burn-in was set at 25% of samples. The consensus tree was visualized
in FigTree v1.4.3.

Data availability. All relevant data are included in this published article. The data sets used and/or
analyzed during the current study are available from the corresponding author on request.
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